Prostate cancer incidence is rising, and represents a major public health issue. Bone is by far the most common site for metastases in this disease, accounting for considerable morbidity. Until recently, there have been few viable options for the treatment of patients with hormone-refractory metastatic disease. This review examines the pathophysiology underlying the development of bone metastases. It also summarises some of the clinical approaches for the management of this common condition, focusing on recent evidence supporting the use of zoledronic acid, a member of one of the most promising groups of pharmacological agents, the third-generation bisphosphonates. 
Prostate cancer is the most commonly diagnosed malignancy in males in the UK, with nearly 25 000 cases being reported in 1999 (www. cancerresearchuk.org/statistics). Prostate cancer-related morbidity and mortality are closely associated with the formation of metastases. Bone is the preferred site for these metastases, and estimates indicate that bone metastases are present in more than 80% of men with advanced prostate cancer.
1,2 A UK study has shown that bone metastases are present in up to 50% of men at the time of first presentation. 3 Considerable morbidity arises from various complications from bone metastases, and it is estimated that the average frequency of a 'skeletal-related event' in patients with bone metastases is 3-4 months, with these events invariably leading to a reduced quality of life. 4 Common presentations include pain, spinal cord compression, pathological fracture, and abnormalities in serum calcium levels. 5 Patients with hormone-refractory metastatic prostate cancer are particularly prone to incapacitating progressive bone disease. 6 The normal resculpturing of bone is governed by the coupled processes of bone resorption and formation. Modelling occurs in localised areas of cortical and trabecular bone known as bone metabolic units. Osteoclast-mediated resorption usually takes about 7-10 days, while the subsequent formation phase, governed by osteoblasts, lasts approximately 3 months (Figure 1 ). Local 'coupling' factors produced in the bone marrow regulate the remodelled bone. 7 The rich milieu of growth factors in the bone environment provides an attractive 'soil' for the seeding of certain tumour cells. In the presence of such cells, factors from tumour-induced breakdown of bone stimulate growth of further cancer cells, which in turn leads to further increases in bone resorption (Figure 2 ). This has been described as the vicious cycle. 7 As an example, tumour cells have been shown to release PTHrP, which stimulates osteoclastic resorption, via messaging from the osteoblast. 8 The resultant osteolysis releases several bone-derived growth factors, such as TGFb. Normally, TGFb serves to limit bone resorption via a negative feedback mechanism, but in the bone metastasis, TGFb stimulates invading tumour cells, partly accounting for this vicious cycle. 9 Prostate cancer bone metastases usually appear on radiographs as areas of increased bone density, being principally sclerotic in nature. This suggests the occur-rence of osteoblast-mediated excessive bone formation, in response to the presence of tumour cells. However, biochemical and histomorphometric studies indicate that osteolysis (excessive bone destruction) is also concurrently increased, and probably represents a vital initial step in the establishment of the metastases. 5, 6, 7, 10, 11 . For example, recent studies using biochemical indices of bone turnover in patients with prostate cancer have found that although the disease is characterised by osteoblastic metastases, there is also a direct correlation between skeletal metastases and bone resorption markers. 12, 13 Indeed, the excretion of these indices was better correlated than plasma alkaline phosphatase, which is an accepted index of bone formation. It is now largely accepted that osteolysis is an important component of the influence of malignancy on bone, even when profound increases in new bone formation are also observed.
14 The classic sclerotic bone lesions seen in prostate cancer represent an uncoupling of normal bone resorption and deposition shifting the balance towards new matrix formation and mineralisation. Thus, it follows that interfering with the process of osteolysis could have an important influence on the development of prostate cancer metastases.
Current treatment options for bone metastases
Given the nature of the vicious cycle described above, options that can be considered for the treatment of metastatic bone disease are: (i) directly reducing tumour cell proliferation, for example, by direct inhibition of 22 Surgical tumour removal is not appropriate in the metastatic setting. For many years, endocrine therapy has represented the mainstay of treatment for patients with advanced prostate cancer. When the hormone-refractory state has been reached though, a palliative approach is often sought. Radiotherapy can provide local control of symptoms. Calcitonin or gallium nitrate, as indirect antitumour treatments, are occasionally used in a palliative setting for medical control of hypercalcaemia, although this condition is rare in prostate cancer. 4 Otherwise, there have been very few options that have proved beneficial in this setting. There is therefore a great deal of interest in seeking out alternative therapies for the large number of men suffering from metastatic prostate cancer.
Bisphosphonates: evolution of a therapeutic theory
Bisphosphonates are a well-established class of drugs that have been known for many years to inhibit bone turnover, and have become established therapeutic options in the treatment of diseases such as Paget's disease, osteoporosis, and general tumour-associated bone disease (such as hypercalcaemia).
The. structure of these drugs is characterised by a central P-C-P bond, which promotes their binding to the mineralised bone matrix, and a variable R 0 chain, which determines the relative potency, side effects, and the precise mechanism of action ( Figure 3 ). Following administration, bisphosphonates bind strongly to exposed bone mineral around resorbing osteoclasts, leading to very high local concentrations (possibly up to 1000 mM) in the resorption lacunae. 23 Bisphosphonates have been shown to reduce bone turnover by primarily inhibiting osteoclast function. It has been proposed that these drugs can be thought of as working at three levels. 24 At the tissue level, they decrease bone turnover via initial inhibition of bone resorption, with suppressed bone formation following as a consequence of this. At the cellular level, bisphosphonates exert their activity principally via actions on osteoclasts, inhibiting their formation, migration, and osteolytic activity, as well as directly inducing apoptosis. It has been shown that bisphosphonates also act partly via modulation of signalling from osteoblasts to osteoclasts (Figure 4 ). 25 At the molecular level, the mode of action of bisphosphonates depends on their structure. Non-nitrogen-containing bisphosphonates (in which the R' chain contains no N atom) are metabolised to nonhydrolysable ATP analogues, that become toxic as they accumulate. 26 The more recently developed and more potent nitrogen-containing bisphosphonates act via inhibition of the mevalonate pathway. 27, 28 This pathway usually provides the cell with lipids that are required for the normal post-translational modification of GTP-binding proteins, the functions of which are essential for many normal cellular processes.
The action of bisphosphonates on osteoclasts alone represented an initial rationale for investigating their potential use in prostate cancer-associated bone disease, as a reduction in osteoclast activity would reduce the release of growth factors in the bone environment and make it a less fertile soil for the seeding of tumour cells, as indicated above. 29 Early animal work in the 1980s demonstrated that the bisphosphonates clodronate and etidronate inhibited tumour-mediated osteolysis induced by implanted prostate cancer cells. [30] [31] [32] A later exciting development came when in vitro work established that bisphosphonates also act directly on tumour cells themselves. They have been shown to inhibit cell proliferation and viability, and induce apoptosis in a number of cancer cell lines, including prostate cancer. [33] [34] [35] [36] [37] Work in our centre with breast cancer cells provided early evidence that inhibition of the mevalonate pathway was again central to the Bisphosphonates in the prostate cancer setting JP Coxon et al observed apoptotic effects. 38 We recently published similar results for various prostate cancer cell lines, 35 and provided evidence that the resultant apoptosis was dependent on the activation of caspases. Unpublished work in our laboratory has confirmed an apoptotic effect on prostate cancer cells at concentrations that are likely to be physiologically relevant. Other work has shown bisphosphonates to inhibit the adhesion of cancer cells to bone slices, 39, 40 and to inhibit their invasion through extracellular matrices. 41, 42 In addition to the work outlined above, a number of clinical studies have investigated the usefulness of bisphosphonates in various settings. The results of several small pilot studies encouraged breast cancer investigators to evaluate early-generation bisphosphonates, using either regular intravenous infusions of pamidronate, enteric-coated oral pamidronate, or either oral or parenteral clodronate. A reduction in skeletal morbidity was usually reported. There were initially rather fewer studies in the prostate cancer setting, although some early work showed reductions in bone pain with clodronate, 43, 44 although this was not later borne out in randomised studies with this drug. 45, 46 Early small-scale studies with pamidronate provided encouraging signs of its potential benefit, 47, 48 but it was several years before a well-designed randomised study was published on the use of later-generation bisphosphonates in prostate cancer.
Development of more modern bisphosphonates
Pharmacological advances have led to several newer bisphosphonates being developed in recent years. The question of whether bisphosphonate potency is directly associated with therapeutic efficacy was investigated in the work by van der Pluijm et al. 40 They demonstrated that the relative order of potency of six bisphosphonates (etidronate, clodronate, pamidronate, olpadronate, alendronate, and ibandronate) in inhibiting the adhesion of cancer cells to cortical and trabecular bone corresponded to their relative antiresorptive potencies in vivo as well as their ranking in in vitro bone resorption assays, with predictive value for their clinical efficacy.
It is therefore reasonable to suggest that using more potent bisphosphonates could simplify treatment and possibly improve the therapeutic effectiveness of bisphosphonate therapy. Potencies of various bisphosphonates discovered to date are shown in Table 1 . 49 The most recent group of bisphosphonates to be developed is the so-called third generation, the most potent of which is zoledronic acid (Zometa s , Novartis). Recent large targeted studies indicate that this agent could help clinicians to manage effectively bone metastases in prostate cancer patients.
The most noteworthy trial, whose first results were published by Saad et al 50 in 2002, investigated 643 patients with hormone-refractory prostate cancer and a history of bone metastases. These subjects were randomised to receive a double-blind treatment regimen of intravenous zoledronic acid at either 8 mg (n ¼ 221) or 4 mg (n ¼ 214), or placebo (n ¼ 208), every 3 weeks for 15 months. Infusions were given over 15 min. During the trial, renal safety concerns merited the reduction of the 8-mg dose to doses of 4 mg. 51 Primary efficacy measures included: proportion of patients with skeletal-related events, time to first event, skeletal morbidity rate, pain and analgesic scores, and disease progression. Safety analyses were also performed.
Results have recently been presented with follow-up extended to 24 months. 51 The study showed that patients receiving 4 mg zoledronic acid experienced 22% fewer skeletal-related events than the placebo cohort (38 vs 49%; P ¼ 0.028). The median time to the first skeletal event was 488 days with placebo, and 321 days for patients receiving zoledronic acid 4 mg (P ¼ 0.009). This represents a difference of more than 5 months. The placebo group also witnessed higher increases in pain and analgesic scores. The median survival was extended by 77 days in patients treated with 4 mg zoledronic acid compared with placebo, a nonsignificant difference.
Zoledronic acid was well tolerated, and although renal function deterioration was seen in approximately 20% of patients in the 8-mg cohort, compared with placebo, the 4-mg group showed a relative risk ratio of only 1.07 (P ¼ 0.882).
The authors concluded that in patients with metastatic prostate cancer, treatment with 4 mg zoledronic acid every 3 weeks reduces skeletal-related events, when compared to placebo. Further, they confirmed that at this recommended dose and regimen, the benefit-to-risk ratio is acceptable for patients with hormone-refractory prostate cancer metastatic to bone. They proposed that further work is warranted to investigate earlier intervention with zoledronic acid, such as in patients with advanced prostate cancer and rising PSA on endocrine therapy, who have not yet developed metastases. It should be noted though that one such study (Novartis Protocol 704) had to be prematurely ended when an unexpected low frequency of events was observed. Other trials are proposed or underway, under the auspices of the EORTC, EAU, and MRC. These look at the potential benefit of zoledronic acid in hormone-naïve patients who have not developed metastases but who are at a high risk of doing so. The MRC trial ('STAMPEDE', looking in addition at celecoxib and docetaxel) is also recruiting those who have had adjuvant or neoadjuvant hormonal therapy, and those with metastases.
That reducing SREs in prostate cancer patients with bone metastases may well also be economically beneficial is suggested by work that has shown that, in the 53 This looked at the use of oral clodronate, a first-generation bisphosphonate, in patients with bone metastases who had just started or were responding to first-line therapy. While a tendency towards increased bone progression-free survival was seen with 2080 mg/ day clodronate, this difference was not statistically significant. The clodronate group reported significantly more gastrointestinal problems and increased lactate dehydrogenase levels, prompting a significant number of dose adjustments in this group.
A further potential benefit of bisphosphonate treatment is related to the bone loss that is known to occur in prostate cancer patients. It has been shown that many patients with advanced prostate cancer have a lower bone mineral density at diagnosis, even before commencing androgen deprivation therapy. 54, 55 This is of course compounded by the known osteoporotic effects of LHRH analogues, to which many patients are now being exposed for longer durations. Recently published results showed that, in patients without bone metastases receiving androgen deprivation therapy, 4 mg zoledronic acid significantly increased the bone mineral density, while a decrease was seen in the placebo group (Po0.001). 56 . A previous study using the second-generation bisphosphonate pamidronate failed to show an increase in bone mineral density, 57 although it did prevent bone loss when compared to placebo.
Zoledronic acid is the only bisphosphonate with these clinically proven indications for use in prostate cancer. Its ease of administration, as a short 15-min intravenous infusion, is especially important considering that previous-generation bisphosphonates, such as pamidronate, have a standard infusion time of 2-4 h. Such longer infusion times would clearly incur costs in terms of clinical staff time and healthcare resources. The simpler mode of administration with zoledronic acid means that clinicians may shortly be able to offer community-based bisphosphonate treatment, which should benefit healthcare budgets and patients alike. However, further research is required until this can become the standard of care.
Conclusions
Bone is the most important metastatic site in prostate cancer. Skeletal complications, including fractures, are relatively common in prostate cancer. Accelerated bone resorption is an important component of the pathophysiology of bone metastases. Bisphosphonates are potent, safe, and well tolerated inhibitors of bone resorption. Skeletal morbidity is significantly reduced by administration of bisphosphonates. Studies suggest that zoledronic acid, a potent, thirdgeneration bisphosphonate, could play a vital role in the management of bone metastases from prostate cancer.
